Crude distillation equipment is usually subject to the corrosive activity of acids. This problem could be mitigated by the addition of amines to reduce corrosion effects. The present work applies two different optimization methods, Nelder-Mead (NM) and Particle Swarm Optimization (PSO), to reduce operational costs by adding neutralizing amines. This improvement was accomplished using an in-house software taking into account the following parameters: salt formation temperature, water dew point temperature, and pH in condensate vessel conditions. These operating parameters and the addition of amines were used to minimize the cost in four different case studies. Results show that a considerable cost reduction is possible in several cases when using the global optimization method. Nevertheless, the local search method was less successful in improving the given start point, getting stuck in local minima.
INTRODUCTION
The process of refining crude oil through distillation is very important in the production of various oil-based components and products. These products are used widely in our daily lives; among them are gasoline, kerosene, and diesel. Heavier fractions, which have a higher boiling point, are collected in the tower bottoms, while lighter fractions, which present lower boiling point, are recovered from the overhead fraction (Fearnside & Murphy, 1995) .
Typically, the first approach to reduce corrosion on the overhead section is to promote oil desalting with water (Fearnside & Murphy 1998). However, no matter what type of petroleum feedstock is used, it is usually impractical to remove the salts completely (Branden et al., 1999) . These salts hydrolyze in the pre-heat stage and the distillation equipment ends up subjected to the corrosive activity of acids such as , , and organic acids, as water condenses in the overhead section (Branden et al., 1999).
Furthermore, steam is added to the bottom of the tower to promote stripping of light compounds from the bottom. Water can also be added to the top of the column to wash salts away. The amount of water added to the system is usually substantial, making the top stream reach values of 40% (molar basis) in water. All water is condensed in the overhead exchangers and is temporarily accumulated in the condensate drum (Branden et al., 1999) . Because of the water temperature is close to its dew point, the temperature variation that occurs during the phase change of the condensing mixture increases the chance of a corrosive attack by acid species. Other possibility of corrosive attack may occur when acidic species react further in the gas phase with ammonia/amines (e.g.
) and salt formation occurs (e.g.
). Depending on operating conditions, salts may form at a temperature higher than the water dew temperature. When these salts precipitate, they may form a deposit on the internal surface of the equipment, triggering corrosion processes, and, in turn, causing great damages to the equipment and considerable financial losses ( Neutralizing amines are considered weak bases when applied to tower systems. They play a key role in the corrosion inhibition as they can neutralize the acidic species present. This increases the pH value making the mixture less acidic in top systems. To minimize the corrosion in the system, the pH range should be about 5 to 6.5 (Branden et al., 1999; Gutzeit, 2006). The main goal of adding amines to the process is to promote the neutralization of acidic species. The inhibitors, on the other hand, form a protective film between the internal surface of the equipment and the mixture of the medium, through chemical adsorption or electrostatic forces, protecting them from corrosive attacks (Neves, 2009).
In the OVHD system of distillation processes, there are three main operational parameters to consider: salt formation temperature, water dew point temperature, and pH in the condensate vessel. The salts formed by precipitation generally are detected during the distillation of crude oil at the beginning of the first stage of condensation. At the lower levels of the fractionating column (high temperatures), sulfur compounds can be decomposed to form salts such as ammonium hydrosulfide (
) and nitrogen compound. These compounds might react with hydrochloric acid to form salts like ammonium chloride ( ). The formation of these salts depend on the equilibrium constants and the partial pressures of the components in mixture (McLaughlin and Wu, 1997).
Water dew point temperature is obtained assuming that the water will condensate practically pure, considering only gases dissolved in small amounts or slightly miscible oils. Water dew point temperature can be calculated through its total and partial pressures relative to its saturation pressure, applying the modified Raoult's law and the Antoine equation, respectively (Koretsky, 2012).
The pH of the top vessel, as well as the pH of the water, can be determined by the dissociation of water and acidic species and their respective equilibrium constants along with material balances.
The process of adding neutralizing amines to accomplish corrosion control represent an operating cost. In this work, with the objective of reducing the costs associated with the corrosion control by amine addition, two optimization methods were used: a local search method (Nelder-Mead simplex) and a global search method (Particle Swarm Optimization -PSO). These methods were implemented in an in-house software developed by our group.
METHODOLOGY

Operational parameter calculations
An adequate pH of the aqueous phase is crucial to reduce corrosion effects. In this work, the pH of the aqueous phase in the distillate vessel is used as an operational parameter. Two other parameters are also considered: the water dew point temperature and salt formation temperature.
The prediction of these operational parameters were implemented in an in-house software developed by our group. Besides interactions with ammonia ( ), the implementation also supports its mixture with the following amines: 3-Methoxypropylamine (MOPA), Monoethanolamine (MEA), N-Methylmorpholine (NMM), Trimethylamine (TMA), Ethylenediamine (EDA), and Pyridine (PYRID). Along with the computation of the operational parameters, given the cost of each amine, the software can also compute the current operational cost for the current selected neutralizing mixture. Finally, given the operational conditions, the code can optimize the composition of the neutralizing mixture to achieve an optimal (minimum) operating cost.
During the optimization step, the following constraints need to be applied: the pH in condensate vessel should be higher than 6.5 and salt formation temperature should be lower than the water dew point temperature.
Water dew point temperature
Assuming that the aqueous phase is practically pure water, the water dew point temperature can be calculated by its partial pressure relative to its saturation pressure (McLaughlin and Wu, 1997). Starting from the modified Raoult's law: Furthermore, the aqueous liquid phase (if present) is assumed to be pure water. Thus, the product reduces to 1, simply resulting in:
Where:
= saturation pressure of water;
= molar fractions in vapor of water;
= pressure of system.
Thus, the temperature dew point of water can be calculated for given operational conditions ( and ) using a temperature dependent correlation for . In this work, the Antoine equation was used: 
Salt formation temperature
The amines could form hydrochloride salts. The salt formation temperature will be exemplified in this section using ammonium hydrochloride, as follows:
Assuming solid-vapor equilibrium, that the solid phase is pure, and that vapor phase is an ideal gas (low pressures), the equilibrium constants can be related to the partial pressures by: Where is a function of temperature only. The equilibrium constant determined by Equation 6 can also be translated into the Gibbs free energy of reaction as follows: (7) Where: = Gibbs free energy of reaction; = ideal gas constant.
Furthermore, assuming that the enthalpy of reaction (or sublimation) is constant, the following equation can be used to extrapolate the constant for different temperatures: = salt temperature to be determined. Therefore, by using data of the amine salts, it is possible to determine and . To obtain , sublimation pressure data, at least two different temperatures are needed. For some amines, data for only one temperature is available in the literature, making it impossible to determine the sublimation enthalpy value. However, these enthalpy data are usually very similar for different amines, thus, the value of = 176.340 kJ/mol (Callanan & Smith, 1971) was assumed for all amines in this work, except for the EDA salt. Since the EDA salt contains 2 HCl molecules, an = 352.680 was assumed. The required data for the amines investigated are listed in Table 1 . The data for ionization constants (pKa) are also listed in Table 1 .
pH calculation
Water pH
In the calculation of water pH, concepts of ionization and equilibrium constants are used. Water has a high polarity and, in liquid phases, it becomes slightly ionized. That ionization can be represented by the following reaction: Therefore, it is possible to represent the above reaction in terms of its equilibrium constant:
: equilibrium constant of water;
: species activity ionic representations;
: molal concentrations.
With
it is possible to calculate the ionization constant ( ) through the relation.
In a similar way, the pH is defined as:
pH in condensate vessel conditions
The pH in the condensate vessel represents the calculation of the acidity of the condensate, consisting of water, amines, and acidic species. Thus, this pH can be calculated through the solution of simultaneous acid-base reactions of all species present. To all bases, using as an example, the following reaction is considered:
And for acids, taking HCl as an example:
Each of these reactions presents an associated equilibrium constant. A set of equations involving all acids and bases present in the solution must be solved simultaneously to determine the H+ concentration. Thus, Equation 11 allows pH calculation. 
Cost and properties of amines
For the calculation of the operating costs and properties, assumed amine quotations as listed in Table 2 .
All amines listed in Table 2 
RESULTS E DISCUSSIONS
This section presents the optimization results of four different cases. All cases studied present different input data, aiming to cover typical conditions observed in Brazilian refineries. 
Case studies
This work investigates four case studies, with different operating conditions. Required input data for these cases are listed in Table 3 Tables 4-7) . These mixtures represent the typical trial and error present in the empirical product formulation. With the compositions fixed (volume fractions), only the total flow was optimized to respect operational constraints (dew point, salt point, and pH). Thus, Mixture 1 and Mixture 2 results will always be sub-optimal. Afterwards, with Mixture 1 and Mixture 2 results set as initial point, the local search method (NM) was used to optimize the conditions, leading to the conditions identified as Optimization 1 NM and Optimization 2 NM, respectively. Finally, a global optimization (PSO) was also executed for each case, with results identified as Optimization PSO.
Case 1
With the input data of Table 3 for Case 1, the operational parameters and the optimized cost of were calculated, with results listed in Table 4 .
Mixtures 1 and 2 represent typical trial and error formulation with a total flow that satisfies operating constraints. The NM method was able to further reduce the costs, while respecting the operating constraints. The results of optimizations 1 and 2 presented values below those calculated with their initial points. Multiple minima were identified, since different starting points lead to different solutions. A particular characteristic of this case is the absence of ammonia in the condensate vessel, opening the opportunity to the addition of NH3 by the local optimizer. The global search algorithm (PSO) was able to find a much better solution, one with a lower cost. In all optimization results presented in Table 4 , the computational times were low. They were below 2000 milliseconds using the NM method, and below 5000 milliseconds using the PSO method. As expected, the PSO method demanded a higher computational time, given its global search nature.
Case 2
Results for Case 2 are listed in Table 5 . For this case, initial mixtures (Mixture 1 and Mixture 2) were selected so that the salt formation temperature constraint was not satisfied. All the mixtures presented salt formation temperatures higher than the water dew point temperature. The salts precipitate in the solid form in piping and equipment, which can initiate a corrosive process. However, the pH condition of the condensate vessel was satisfied for all the mixtures. In both NM optimizations, with starting point given either by Mixture 1 or Mixture 2, temperature optimization constraint was not satisfied. These difficulties are due to high concentrations of ammonia (31 ppm in Table 3 ) already present in the condensate vessel prior to the addition of other neutralizers. The local optimizer could not identify this problem and, therefore, could not bypass it. The PSO optimizer was also unable to find a feasible solution, but it suggested, correctly, not to add more amines in this case. This makes it clear that this case has an inherent problem; either HCl or NH 3 concentrations need to be reduced to avoid solid precipitation.
Case 3
For Case 3, optimization results are listed in Table 6 . In Case 3, as in Case 1, the initial point mixtures (Mixture 1 and Mixture 2) satisfied operating constraints. In the respective local optimizations, all optimization constraints were met and costs were minimized. Again, the local search method produced different results for different start points. The PSO global method, which does not need an initial estimate, was able to find a much better response, one with a lower cost. Computation times were also low, around 2000 ms for the local search and 4000 ms for the global search. Interestingly, for this case, the best solution found was to simply add the correct amount for the cheapest neutralizer (NH 3 ). This was possible due to the low Chlorides concentration present (see Table 3 ).
Case 4
The input data for Case 4 is identical to that of Case 2, but without the presence of ammonia. Recalling that Case 2 was found to be infeasible, and possible solutions to make it viable would either reduce chloride or ammonia concentrations. Optimized results for Case 4 are listed on Table 7 . Again, the initial mixtures (Mixture 1 and Mixture 2) represent feasible solutions, respecting the operating constraints. Similar to other cases, the local search method was able to improve initial conditions. Similar to other cases, the PSO method was able to find better (cheaper) solution.
CONCLUSIONS
In this work, the optimization of amine addition was investigated for four different case studies. Mixtures randomly selected (representing the typical trial and error present in empirical formulations) were compared with optimized ones. The optimizations had to respect pH as well as salt formation temperature limits. Two numerical optimization methods were implemented: simplex Nelder-Mead (local search) and PSO (global search). Regarding the local method, different optimal values were found for different initial estimatives. When using the global PSO method, a much better solution, one with a lower cost, was found in all cases.
ACKNOWLEDGMENTS
This work was supported partially by PETROBRAS, under contract no. 0050.0094379.14.9.
REFERENCES
ALIBABA. Available at: <https://www.alibaba.com/>. Accessed on: 31 August 2016. 
